The removal of intervening sequences from a primary RNA transcript is catalyzed by the spliceosome, a large complex consisting of five small nuclear (sn) RNAs and more than 150 proteins. At the start of the splicing cycle, the spliceosome assembles anew onto each pre-mRNA intron in an ordered process. Here, we show that several small-molecule inhibitors of protein acetylation/deacetylation block the splicing cycle: by testing a small number of bioactive compounds, we found that three small-molecule inhibitors of histone acetyltransferases (HATs), as well as three small-molecule inhibitors of histone deacetylases (HDACs), block pre-mRNA splicing in vitro. By purifying and characterizing the stalled spliceosomes, we found that the splicing cycle is blocked at distinct stages by different inhibitors: two inhibitors allow only the formation of A-like spliceosomes (as determined by the size of the stalled complexes and their snRNA composition), while the other compounds inhibit activation for catalysis after incorporation of all U snRNPs into the spliceosome. Mass-spectrometric analysis of affinitypurified stalled spliceosomes indicated that the intermediates differ in protein composition both from each other and from previously characterized native A and B splicing complexes. This suggests that the stalled complexes represent hitherto unobserved intermediates of spliceosome assembly.
INTRODUCTION
Pre-mRNA splicing, the removal of introns from the primary RNA transcript, is an essential process in the biosynthesis of mature mRNAs in eukaryotic cells. Most genes in higher eukaryotes contain more than one intron, which provides the possibility to remove various combinations of introns from a single pre-mRNA; this choice is referred to as alternative splicing. The majority of the human genes are spliced in this way, which seems to be the main source of proteomic complexity in humans (Hastings and Krainer 2001; Blencowe 2006) . Furthermore, it has been estimated that z15% of all mutations that cause a genetic disease in humans lead to a failure in the correct splicing of the corresponding pre-mRNA, which disturbs the expression of the gene (Krawczak et al. 1992) .
The splicing reaction occurs by a two-step transesterification mechanism. First, the 29 hydroxyl group of a conserved adenosine nucleotide within the so-called branch-point region of the intron attacks the phosphate group at the 59 end of the intron, the so-called 59 splice site, which releases the 59 exon. Subsequently, the 39 hydroxyl group of the released 59 exon attacks the phosphate group at the 39 splice site for the second step; in this way, the 59 and 39 exons become joined, forming the mature mRNA. The entire process is catalyzed by the spliceosome, which consists of the U1, U2, U4, U5, and U6 small nuclear ribonucleoprotein particles (snRNPs) and numerous additional non-snRNP proteins . Each U snRNP contains its corresponding U snRNA, a common set of seven Sm proteins (or seven LSm proteins in the case of the U6 snRNP), and additional particlespecific proteins. The spliceosome is a highly dynamic machinery that assembles anew onto each intron to be excised, in an ordered process involving distinct intermediate spliceosomal complexes.
The pre-mRNA is first recognized by the U1 snRNP in an ATP-independent manner to form the spliceosomal E complex, which involves base-pairing of the U1 snRNA to the 59 splice site. In addition, the U2 snRNP is loosely associated with the pre-mRNA in the E complex. The ATPdependent, stable binding of the U2 snRNP to the branchpoint region-guided in part by base-pairing between the U2 snRNA and the branch-point region-leads to the formation of the A complex. The U4, U5, and U6 snRNPs are added to the A complex as a preformed U4/U6 d U5 trisnRNP, in which the U4 and U6 snRNAs are base-paired to each other. This leads to formation of the spliceosomal B complex, which-despite the presence of all five U snRNPs-still represents a pre-catalytic entity that has to be activated. Activation of the spliceosome for catalysis is accompanied by release of the U1 snRNA from the 59 splice site and unwinding of the U4/U6 snRNAs, which destabilizes the binding of the U1 and U4 snRNPs to the spliceosome. Thus, the so-called activated spliceosomal B* complex contains only the U2, U5, and U6 snRNAs, which now form an intricate base-paired network with the premRNA. The first transesterification reaction is accompanied by the formation of the spliceosomal C complex. After the second catalytic step, the spliceosome dissociates, releasing the products of the splicing reaction, and the U snRNPs are recycled for another round of splicing catalysis.
While the assembly of the spliceosome is quite well understood at the RNA level, it has only recently become clear that the dynamic nature of the spliceosome is also reflected by changes in the protein composition that go far beyond the addition and release of the proteins of the individual U snRNPs. This was first recognized as a result of proteomic studies of the known intermediates of spliceosome assembly as described above. By now, several laboratories have purified various human splicing complexes and determined their protein composition by mass spectrometry (Hartmuth et al. 2002; Jurica et al. 2002; Makarov et al. 2002; Rappsilber et al. 2002; Zhou et al. 2002; Makarova et al. 2004; Deckert et al. 2006; Behzadnia et al. 2007; Bessonov et al. 2008) . While this has increased the number of known splicing factors, the detailed hierarchy of assembly-i.e., order of recruitment, interdependence between different factors, and signals for release of spliceosomal proteins-is only poorly understood (Jurica and Moore 2003) .
Sequence homology has revealed that numerous proteins associated with the spliceosome possess potential enzymatic activities. These include DExD/H-type RNA-dependent ATPases and RNA helicases, peptidyl-prolyl cis/trans isomerases, and protein kinases (Staley and Guthrie 1998) . It is therefore plausible that such activities might act on RNA and protein conformations, or on post-translational modification states of proteins, during the splicing cycle. However, the function of a large number of the enzymes in the spliceosome remains to be established. Given that many of these enzymes are likely to be involved in at least one conformational switching event, more spliceosome maturation states must exist than the limited number of intermediates so far identified. Logical extension of this argument would imply that the blocking of individual enzyme activities could stall the spliceosome at novel intermediate stages and thus be a useful tool for probing its maturation and catalytic activity. If successful, this could lead to finer resolution of the stages through which the spliceosome passes during the splicing cycle.
The study of the ribosome has been greatly facilitated by the use of antibiotics, which block translation at specific steps and thus allow a detailed characterization of these intermediates. Small-molecule inhibitors of pre-mRNA splicing could in the same way be very helpful for mechanistic studies. Only recently it was shown for the first time that two naturally occurring compounds, FR901464 and pladienolide, specifically inhibit the splicing of pre-mRNA (Kaida et al. 2007 ; Kotake et al. 2007 ). In an earlier study, Soret et al. (2005) reported the identification of indole derivatives that target SR proteins and thereby influence alternative splicing. Similarly, it was found that cardiotonic steroids modulate alternative splicing (Stoilov et al. 2008 ). To our knowledge, none of these few small-molecule inhibitors of pre-mRNA splicing have been used to isolate the stalled splicing complexes for further analysis, such as the determination of protein composition by mass spectrometry. However, it is reasonable to assume that such compounds would allow the specific enrichment of known or even previously unknown intermediates of the premRNA splicing cycle, whose functional and structural characterization could then give further insight into the mechanism of spliceosome assembly and catalysis.
Post-translational modification plays an important role in the regulation of a number of biological processes, with phosphorylation the most prominent modification. In addition, proteins can be acetylated at lysine residues, and the corresponding enzymes are for historical reasons known as histone acetyltransferases (HATs) and histone deacetylases (HDACs) . A number of examples of a connection between RNA processing and protein acetylation have been reported; e.g., SF3b130, a component of the SF3b complex of the 17S U2 snRNP that is also known as SAP130, is associated in HeLa cells with STAGA, a mammalian SAGAlike HAT complex (Martinez et al. 2001) . It has also been reported that Sam68, an RNA-binding protein of the STAR family that has been implicated in alternative splicing (Matter et al. 2002) , is acetylated in vivo, and that the acetylation state of Sam68 correlates with its ability to bind to its cognate RNA (Babic et al. 2004) . Furthermore, the protein DEK, which has been shown to be required for proofreading of 39 splice site recognition by U2AF (Soares et al. 2006) , undergoes acetylation in vivo (Cleary et al. 2005 ). An increase in the degree of acetylation of DEK-either by inhibition of deacetylation or by overexpression of the PCAF acetylase-results in accumulation of DEK within interchromatin granule clusters, which are subnuclear structures that contain RNA-processing factors. In addition, p68, a DExD/H-box RNA helicase that has been shown to be involved in the splicing of pre-mRNA (Liu 2002) , associates with HDAC1 (Wilson et al. 2004) . Finally, factors implicated in the acetylation and deacetylation of proteins have been found in purification of mixed populations of splicing complexes (Rappsilber et al. 2002; Zhou et al. 2002) .
To identify small molecules that specifically block the splicing of pre-mRNA at distinct steps, we initiated a screening for inhibitors of this splicing. As a first test, we examined previously published inhibitors of protein acetylation and deacetylation for their effect, if any, on the splicing reaction in vitro. We found that pre-mRNA splicing in vitro is blocked by three structurally distinct small-molecule inhibitors of HATs and also by three smallmolecule inhibitors of HDACs. While some of these compounds inhibit only in the millimolar range, others exert their effect at micromolar concentrations similar to those reported for their inhibition of HATs and HDACs. Characterization of the splicing complexes that accumulate in the presence of individual acetylation and deacetylation inhibitors on native gels, and also the identification of their RNA and protein compositions, demonstrates that spliceosome assembly is stalled at distinct stages. The stalled complexes represent functional intermediates of the splicing cycle, because they can be chased into active spliceosomes in the presence of appropriately depleted nuclear extract. Mass-spectrometric analysis of affinity-purified complexes showed that the stalled intermediates of spliceosome assembly differ in their protein composition, both from each other and from previously characterized native splicing complexes (i.e., those purified in the absence of any inhibitor). This evidence suggests that we have identified previously unobserved intermediates of spliceosome assembly.
RESULTS
Blockage of pre-mRNA splicing before catalysis by inhibitors of protein deacetylation
We investigated a number of known bioactive compounds for possible inhibitory effect on the splicing in vitro of MINX pre-mRNA. Earlier work had identified the presence of histone deacetylases (HDACs) in purifications of mixed populations of spliceosomes (Rappsilber et al. 2002; Zhou et al. 2002) . HDACs catalyze the deacetylation of the eamino group of acetylated lysine residues not only in histones, but in a multitude of proteins (Kouzarides 2000; Grozinger and Schreiber 2002; Yang 2004 ). Therefore, we chose suberoylanilide hydroxamic acid (SAHA) (Fig. 1A) , a well-known inhibitor of the Zn 2+ -dependent classes of histone deacetylases (HDAC classes I and II) (Hildmann et al. 2007) , as one of the compounds to test. We observed a dose-dependent inhibition of pre-mRNA splicing in vitro in the presence of SAHA, but not DMSO, the solvent used for the compound (Fig. 1B, lanes 2-7) . As in the absence of any inhibitor the splicing reaction already reaches a plateau after z30 min (data not shown), the inhibition of pre-mRNA splicing up to 90 min indicates that the reaction is essentially blocked and not merely slowed down. SAHA interfered with the formation of both the products (mature mRNA and excised lariat-intron) and the intermediates (59-exon and lariat-intron/39-exon) of the reaction, demonstrating that in this case pre-mRNA splicing is blocked before the first catalytic step.
Quantification of the splicing efficiency demonstrated that SAHA inhibits pre-mRNA splicing with an IC 50 (concentration giving 50% inhibition) of z1.5 mM. This is three orders of magnitude higher than the reported values for HDAC inhibition by SAHA (Table 1) . Therefore, to confirm the specificity of this inhibition, we tested two derivatives that resemble SAHA but are inactive in HDAC inhibition: suberoylanilide (SA) and suberoyl bis-hydroxamic acid (SBHA) (Fig. 1A) . SA has a carboxylic acid in place of the hydroxamic acid, which is essential for inhibition of HDACs. In contrast, SBHA contains two hydroxamic acid groups, but lacks the anilide entity. The latter serves as a control that the inhibition observed is not simply due to any hydroxamic acid, but depends on the context of the whole molecule, as observed for inhibition of deacetylation. In addition, these compounds are also a control that the effect observed is not simply due to aggregation of one or more essential splicing factor, but rather based on specific binding. At the concentrations where SAHA had been found to inhibit splicing, both SA and SBHA failed to show inhibition (Fig. 1B, , supporting the specificity of inhibition observed with SAHA. Furthermore, we investigated three additional HDAC inhibitors related to SAHA, namely, MS-275 (Saito et al. 1999) , scriptaid (Su et al. 2000) , and trichostatin A (Yoshida et al. 1990 ), all of which belong to the group of hydroxamic acids and hydroxamic esters. MS275, scriptaid, and trichostatin A all inhibit pre-mRNA splicing in vitro (Table 1) . The concentrations required for inhibition of pre-mRNA splicing are again about a thousand times higher than values reported for HDAC inhibition (Table 1) . Thus, pre-mRNA splicing is inhibited by small molecules containing a hydroxamic acid group in a specific context similar to the one required for HDAC inhibition, but with considerably higher IC 50 values.
The class III HDACs-also called sirtuins, a term based on the founding member, the yeast Sir2 protein-use a deacetylation mechanism fundamentally different from that of the HDAC classes I and II; their activity depends on NAD as a cofactor (Imai et al. 2000; Landry et al. 2000b ). We investigated whether four previously identified chemicals that inhibit NAD-dependent deacetylases-dihydrocoumarin (DHC) ( Fig. 1A ; Olaharski et al. 2005) , nicotinamide (Landry et al. 2000a; Luo et al. 2001) , sirtinol (Grozinger et al. 2001) , and splitomicin ( Fig. 1A ; Bedalov et al. 2001 )-affect the splicing reaction in vitro. As can be seen in Figure 1C , splicing of the MINX pre-mRNA is blocked by increasing concentrations of splitomicin and DHC. In contrast, nicotinamde and sirtinol have no effect on premRNA splicing in vitro (Table 1) . No significant accumulation of the splicing intermediates, the 59-exon and lariat-intron/39-exon, could be observed at inhibitory concentrations of either splitomicin or DHC, indicating that these two compounds again block pre-mRNA splicing before the first catalytic step. Splitomicin gave slightly stronger inhibition, with an IC 50 of 1.5 mM, than DHC, with an IC 50 of 2.0 mM ( Fig. 2A ; Table  1 ). Thus, we have shown that diverse inhibitors of protein deacetylationtargeting different classes of HDAC enzymes-block pre-mRNA splicing before catalysis.
Blockage of pre-mRNA splicing before catalysis by Inhibitors of protein acetylation Next, we tested three previously identified small-molecule inhibitors of histone acetyltransferases (HATs)-the enzymes that catalyze the acetylation of proteins-for their effect on the splicing in vitro of MINX pre-mRNA. One of the compounds chosen, butyrolactone 3 (BA3) ( Fig. 2A) , shows specificity toward Gcn5/PCAF-type acetyltransferases (Biel et al. 2004 ). In contrast, anacardic acid (AA) and garcinol ( Fig.  2A) have been reported to be acetyltransferase inhibitors with similar potency for both the p300/CBP and Gcn5/PCAF families of HATs (Balasubramanyam et al. 2003 (Balasubramanyam et al. , 2004 . As can be seen in Figure 2B , increasing concentrations of the HAT inhibitors also interfered with pre-mRNA splicing in vitro. As observed for the HDAC inhibitors, the reaction was blocked before the first catalytic step, as neither the products of the reaction (mature mRNA and excised lariat-intron) nor its intermediates (59-exon and lariat-intron/39-exon) were observed upon inhibition. With IC 50 values of 50 mM and 25 mM for AA and garcinol, respectively, the two compounds were found to be stronger inhibitors of pre-mRNA splicing than BA3 (IC 50 of 0.5 mM). Intriguingly, for all three compounds, IC 50 values for inhibition of splicing are of the same order of magnitude as those for HAT inhibition (Table 1) .
In summary, we have identified six small molecules as novel inhibitors of pre-mRNA splicing, all of which block splicing before the first catalytic steps.
HAT and HDAC inhibitors affect both U2-and U12-dependent splicing pathways
To verify that the effect on pre-mRNA splicing observed with the acetyltransferase and deacetylase inhibitors is not SAHA, (lanes 8-12) SA, and (lanes 13-17) SBHA were tested for their effect on the splicing in vitro of 32 P-labeled MINX pre-mRNA. After splicing, the radiolabeled RNA was analyzed by denaturing PAGE followed by autoradiography. The positions of lariat-intron/39-exon, lariatintron, pre-mRNA, fully spliced mRNA, and 59-exon (top to bottom) are indicated between lanes 12 and 13. (Lane 1) M, size marker; (lane 2) control reaction with DMSO, the solvent used for the small-molecule inhibitors. The splicing efficiency is shown below each lane. (C) Increasing concentrations of (lanes 3-7) splitomicin and (lanes 8-12) DHC. Other details are as in B. (Note that the different migration observed for the lariat-intron/39-exon and lariatintron observed in lanes 6-8 has only been observed in the one experiment shown here, and thus is apparently an artifact.) specific for the substrate used, we conducted similar tests on the splicing in vitro of a different pre-mRNA, b-globin. The splicing of b-globin pre-mRNA was found to be inhibited before the first catalytic step by concentrations of the HAT and HDAC inhibitors similar to those observed to inhibit the splicing of MINX pre-mRNA (data not shown). In addition, we investigated whether splicing of p120 pre-mRNA, which is spliced by the U12-dependent spliceosome, also is blocked by these compounds in vitro. As shown in Figure 3 , we observed that splicing of p120 pre-mRNA by the minor spliceosome is also inhibited by AA, BA3, garcinol, SAHA, splitomicin, and DHC before catalysis, but was unaffected in control reactions containing only DMSO. Altogether, these results demonstrate clearly that the newly identified inhibitors generally interfere with pre-mRNA splicing in vitro.
Blockage of the splicing cycle at distinct stages by different inhibitors
To determine at what point during spliceosome assembly and activation the reaction is blocked by these novel inhibitors of pre-mRNA splicing, we analyzed splicingcomplex formation in the presence of the compounds by native gel electrophoresis. Splicing reactions were performed in the presence of inhibitory concentrations of SAHA, splitomicin, DHC, AA, BA3, or garcinol, stopped at different time points, and loaded onto a native gel (Fig. 4) .
Because of the structural and functional similarities of the hydroxamic acid-based inhibitors, we chose SAHA as a representative member of this group for further studies.
In the absence of any inhibitor, but with DMSO ( Fig.  4A ,B, lanes 1-5), mainly A complex was observed after 2 min. After 7 min, maximum amounts of B complex were formed at the expense of A complex. After 20 min, the amount of complex A had decreased substantially, and that of complex B was also reduced; after 60 min, both complexes had reacted to completion, and, accordingly, the mRNP complex was observed. Owing to the fast completion of the two steps of the splicing reaction with MINX pre-mRNA, complex C could not be detected, as previously observed (Das and Reed 1999) .
In the presence of SAHA (Fig. 4A , lanes 6-10), splitomicin (Fig. 4A, lanes 11-15) , DHC (Fig. 4A, lanes 16-20) , or BA3 (Fig. 4B, lanes 11-15) , the formation of B complexes was essentially indistinguishable from the control reaction for the first 20 min of incubation. However, the decrease in amounts of the B complexes was reduced significantly in the presence of these compounds, and the formation of mRNPs after 60 min, seen in the DMSO control, was no longer observed. This indicates that the splicing reaction is blocked by SAHA, splitomicin, DHC, and BA3 after assembly of a complete spliceosome, but before its activation. Some decline in the amount of B complexes was seen between 20 and 60 min, with varying degrees for SAHA, splitomicin, DHC, and BA3. The Listed are all the compounds used in this study, the enzyme classes for which these are known to be inhibitors, the reported IC 50 values for this inhibition (concentration that gives 50% inhibition; see main text for citations), and the IC 50 values for pre-mRNA splicing as determined here. disappearance of B complexes over time was most probably due to a combination of incomplete inhibition of premRNA splicing with the inhibitor concentrations used, and disintegration of inactive spliceosomes.
In contrast, no B complex could be observed in the presence of AA (Fig. 4B , lanes 6-10). Instead, the A complex, the formation of which after 2 min was slightly reduced compared with the control reaction, reached a maximum level after 7 min and then remained stable for the remaining incubation period. This indicates either that the pre-mRNA splicing cycle is blocked by AA before the formation of the B complex, or that AA destabilizes complex B after its formation. Similarly to the result with AA, no B complex (or no stable B complex) was assembled in the presence of garcinol (Fig. 4A, . However, while the A complex accumulated to a high level in the presence of AA, only a small amount of A complex-which even disappears later in the incubation-was formed in the presence of garcinol. This suggests that the A complex assembled in the presence of garcinol is not as stable as the A complex that is stalled by AA. Nevertheless, sufficient amounts of complex A for further characterization could be isolated (see below). Altogether, these results show that the novel small-molecule inhibitors of pre-mRNA splicing block the reaction at different steps during spliceosome assembly and activation.
Affinity selection of spliceosomal complexes stalled by small-molecule inhibitors of pre-mRNA splicing For a detailed characterization of the spliceosomal complexes that accumulate in the presence of the novel pre-mRNA splicing inhibitors, we isolated these complexes by size fractionation and affinity chromatography using a MINX pre-mRNA to which three hairpins that bind to the MS2 bacteriophage coat protein had been added (MINX-M3). Splicing reactions were carried out in the presence of inhibitory concentrations of SAHA, splitomicin, DHC, AA, BA3, or garcinol with MINX-M3, which has been pre-bound to a fusion protein of MS2 bacteriophage coat protein and the maltose-binding protein (MS2-MBP). Spliceosomes assembled in the presence of the inhibitors were then separated by glycerol-gradient centrifugation, affinityselected by binding to amylose beads, and eluted with maltose. Purifications were performed in 150 mM NaCl, in the absence of heparin, to obtain functional splicing complexes (Deckert et al. 2006) .
The complexes that assembled in the presence of SAHA, splitomicin, DHC, and BA3 peaked in the 40S region of the glycerol gradient (data not shown), as previously observed for the purification of native spliceosomal B complex (i.e., in the absence of any inhibitor) (Deckert et al. 2006) . In contrast, the complexes formed in the presence of AA and garcinol peaked in the region of 25S to 30S (data not shown), as previously observed for the native A complex (Hartmuth et al. 2002; Behzadnia et al. 2006 Behzadnia et al. , 2007 Deckert et al. 2006) . These results are consistent with those from the native gel analyses described above.
After affinity selection of the six stalled complexes on amylose beads, RNA was in each case recovered from the eluates, separated on a denaturing gel, and visualized by silver staining and autoradiography (Fig. 5 ). As expected for inhibition before the first catalytic step, mainly unspliced pre-mRNA was present in the purified complexes, with only minor amounts of splicing intermediates (z5% for splitomicin and BA3, 2% for SAHA and DHC, and <1% for AA and garcinol). Small amounts of high-molecularweight RNA are visible on the gel for all B-type spliceosomes, which most likely represent contamination by ribosomal complexes that migrate in the 40S region of the glycerol gradient.
In agreement with the results from the native gel analyses and the migration of the complexes in glycerol gradients, the RNAs of the U1 snRNP, U2 snRNP, and the U4/U6ÁU5 tri-snRNP were detected in the spliceosomes stalled in the presence of SAHA, splitomicin, DHC, and BA3 (Fig. 5 , lanes 1,3,5,9, respectively). However, while U1 snRNA was present in the BA3-stalled complex in similar levels as the other U snRNAs, this snRNA was clearly under-represented in the splicing complexes stalled by SAHA, splitomicin, and DHC (Fig. 5, cf. lane 9 and lanes 1, 3, 5) . This indicates that the U1 snRNP is destabilized by, or dissociates from the spliceosome before, the blockage exerted by SAHA, splitomicin, and DHC; in contrast, the BA3-mediated inhibition of pre-mRNA splicing stalls spliceosome maturation before the release of the U1 snRNP. Thus, spliceosome assembly is apparently blocked by BA3 at a point different from that where the other three inhibitors that still allow B-complex formation exert their effect.
Consistent with the complex formation observed on a native gel, both U1 and U2 snRNAs were found in the AAand garcinol-stalled complexes, but not the U4, U5, and U6 snRNAs (Fig. 5, lanes 7, 11) . Thus, even in the absence of heparin, which is added to the splicing reactions analyzed by native gel electrophoresis as shown in Figure 4 , no stable incorporation of the U4/U6ÁU5 tri-snRNP into spliceosomes could be observed, as already suggested by the migration of the complexes in glycerol gradients. This demonstrates clearly that pre-mRNA splicing is blocked in A-like complexes by AA and garcinol. Altogether, the results shown in Figure 5 MS2 affinity-selected stalled splicing complexes are functional intermediates of spliceosome assembly
To investigate whether the MS2 affinity-selected splicing complexes stalled by inhibitors of protein acetylation and deacetylation are functionally committed to splicing, we tried to chase the purified stalled spliceosomes into active splicing complexes. We incubated the affinity-selected A AA and A garcinol spliceosomes under in vitro splicing conditions either with buffer alone, or with nuclear extract that was depleted of the U2 snRNP using a biotinylated antisense-oligonucleotide (DU2 nuclear extract). As can be seen by the appearance of fully spliced MINX-M3 (5 mM), and (lane 10) DHC (5 mM) were tested for their effect on the splicing in vitro of 32 P-labeled U12-dependent p120 pre-mRNA. After the reaction, the radiolabeled RNA was analyzed by denaturing PAGE followed by autoradiography. The positions of pre-mRNA, fully spliced mRNA, lariat-intron/39-exon, 59-exon, and lariat-intron (top to bottom) are indicated on the left. (Lane 1) Input (0 h); (lane 2) reaction for 6 h without any additive; (lanes 3,7) control reactions with (lane 3) 3% DMSO and (lane 7) 5% DMSO. Small-molecule inhibitors of pre-mRNA splicing www.rnajournal.org 159 mRNA, purified A AA and A garcinol complexes could be chased into mature spliceosomes that catalyze both transesterification reactions in the presence of DU2 nuclear extract, but not with buffer alone (Fig. 6A, lanes 2,3,6,7) . To rule out the possibility that the U2 snRNP disassembles from the A complexes during the incubation and then reassembles anew onto the pre-mRNA together with the U1 and U4/U6ÁU5 snRNPs from the DU2 nuclear extract, we performed additional reactions where we added an equimolar amount of naked, untagged MINX pre-mRNA together with the purified A complexes to the mixture. Again, the tagged pre-mRNA present in the A AA and A garcinol complexes underwent splicing (Fig. 6A , lanes 4,8, respectively). In contrast, no splicing of the naked, untagged pre-mRNA can be observed in either case (note that the cleaved 59 exon and excised lariat-intron generated from both substrates are identical). Thus, spliceosomes are not assembled de novo during the incubation, demonstrating that the A AA and A garcinol complexes are directly converted into active spliceosomes. While only a small portion of the affinity-purified complexes is converted into active spliceosomes, the efficiency of the chase for the A AA and A garcinol complexes is similar to that of an A complex assembled and purified in the absence of any inhibitor (Fig.  6A, lanes 9-12) . Altogether, this demonstrates that the A AA and A garcinol spliceosomes are no dead-end complexes, but functional intermediates of the pre-mRNA splicing cycle.
Similarly, we incubated the purified B SAHA , B splitomicin , B DHC , and B BA3 spliceosomes under in vitro splicing conditions either with buffer alone, or with nuclear extract, in which all endogenous U snRNPs have been degraded by treating with micrococcal nuclease (MN). As shown in Figure 6B , the MS2 affinity-selected B SAHA , B splitomicin , B DHC , and B BA3 complexes all catalyze the first and second transesterification reaction in the presence of MN-digested nuclear extract (Fig. 6B, lanes 4, 12, 16, 8, respectively) . To rule out the possibility that the B complexes dissociate during the incubation and then the released U snRNPs reassemble anew onto the pre-mRNA, we performed splicing reactions with equimolar amounts of purified B complexes and naked, untagged MINX pre-mRNA. As expected, only the tagged pre-mRNA present in the affinity-purified complexes, but not the naked, untagged pre-mRNA, underwent splicing (Fig. 6B , lanes 5,9,13,17; note that the cleaved 59-exon and excised lariat-intron generated from both substrates are identical), as previously observed with B complex obtained by kinetically controlling the reaction (Deckert et al. 2006) . Incubation of the purified B SAHA , B BA3 , B splitomicin , and B DHC complexes under splicing conditions in the absence of extract did not result in splicing (Fig. 6B, lanes 3, 7, 11, 15, respectively) , suggesting that the complexes lack one or more factor(s) required for activation of the spliceosome and/or catalysis of the transesterification reactions. Taken together, these results show that the B complexes stalled upon inhibition of pre-mRNA splicing by SAHA, splitomicin, DHC, or BA3-like the stalled A complexes-are functional spliceosomes and not dead-end complexes.
Protein composition of affinity-selected spliceosomal A AA and A garcinol complexes
To determine the protein composition of the spliceosomal complexes stalled in the presence of the inhibitors, proteins were recovered from affinity-purified spliceosomes and separated by SDS-PAGE. After staining with Coomassie blue, entire lanes were cut into approximately 70 slices; proteins were trypsinized in the gel, extracted, and sequenced by LC-coupled tandem mass spectrometry. According to our previous studies (Deckert et al. 2006; Behzadnia et al. 2007) , the number of different sequenced peptides for each identified protein was monitored. Tables  2 and 3 list the identified proteins with their numbers of sequenced peptides in the stalled A and B complexes, respectively. The tables also compare the identified proteins with the proteomes of the native A and B complexes isolated under similar conditions in the absence of any inhibitor (Deckert et al. 2006; Behzadnia et al. 2007 ). The proteins are grouped according to their reported physical associations, and-for the non-snRNP proteins-their previous identification as belonging to complex A only, or to both A and B complexes, or as being ''miscellaneous'' proteins.
In agreement with its snRNA composition, the A AA complex was found to contain all proteins of the U1 snRNP and the 17S U2 snRNP, but no U4/U6 or U5 FIGURE 5. RNA composition of HeLa spliceosomal complexes stalled in vitro in the presence of the novel inhibitors of pre-mRNA splicing. Splicing complexes that assemble on MS2-tagged MINX premRNA (MINX-M3) in the presence of SAHA, splitomicin, DHC, AA, BA3, and garcinol were purified by glycerol-gradient centrifugation and affinity selection with amylose beads. RNA was recovered from an aliquot of the purified complexes, separated by denaturing PAGE, and visualized by staining with silver (odd-numbered lanes) and by autoradiography (even-numbered lanes). The positions of lariatintron/39-exon, pre-mRNA, and the U snRNAs are indicated on the right.
proteins (Table 2 ). The most obvious differences in the protein composition between the A AA complex and native A complexes are the lack of the U1 snRNP-associated proteins FBP11 and S164 (fSAP94). Furthermore, no 17S U2-related protein DExD/H-box helicase hPRP5 could be detected in A AA complex. Interestingly, we also observed that SR and SR-related proteins were clearly underrepresented (in terms of numbers of sequenced peptides) or are completely absent. Besides two peptides for CCAP1 (also called hsp73), no evidence for proteins of the hPRP19/CDC5 complex, which was recently shown to be associated with the native A complex (Behzadnia et al. 2007) , was found in the stalled A AA complex. Similarly, almost all non-snRNP proteins previously detected only in the A or in both A and B complexes (e.g., SF1 and p68) were absent as well. However, interesting exceptions are the proteins NFAR and NF45, which form a heterodimer and have been implicated in mRNA processing (Isken et al. 2003; Merz et al. 2007 ). These were prominent in the A AA complex, with 75 and 21 peptides, respectively, while they were apparently only marginally present in the native A complexes isolated by Behzadnia et al. (2007) . We also detected nucleolin by a surprisingly high number of sequenced peptides (more than 100) in A AA complex among seven novel proteins that had not been reported to be associated with pre-mRNA splicing yet.
The set of proteins found in the A garcinol complex is more restricted than in the A AA complex. The U1 snRNP proteins were clearly under-represented, and the U1-related proteins were completely missing, indicating that U1 snRNP is more loosely associated with this stalled complex. Most U2 and U2-related proteins could be identified, with the exception of hPrp5 and SPF31, which were again absent, similarly to the situation in A AA complexes. Interestingly, significantly more peptides derived from hPrp43 and SR140 (fSAPa) were sequenced in the A garcinol than in the A AA complexes, indicating that both these proteins are more abundant in A garcinol complexes. While in the A AA complex a limited number of SR proteins could still be detected, these are completely absent in A garcinol . Moreover, all other proteinsincluding hnRNPs, Prp19/CDC5 and related proteins, and proteins that were previously detected only in A or in both A and B complexes-were either completely absent or detectable with only a very small number of sequenced (Lanes 9-12) As a control for the efficiency of the chase, the same set of reactions was also performed with a ''wild-type'' A complex (A) assembled and purified in the absence of any inhibitor. Furthermore, one standard splicing reaction each with (lane 13) naked, untagged MINX pre-mRNA and (lane 14) naked, tagged MINX-M3 pre-mRNA using nuclear extract (nxt) was performed. After the reaction, the radiolabeled RNA was analyzed by denaturing PAGE followed by autoradiography Small-molecule inhibitors of pre-mRNA splicing www.rnajournal.org 161
Cold peptides. Interestingly, NFAR and NF45 proteins were again detected by an increased number of sequenced peptides. In contrast, only two peptides of nucleolin were detected in the A garcinol complex, while more than 100 peptides of this protein were found in the A AA complex.
Protein composition of affinity-selected stalled spliceosomal B complexes
As described above for the A AA and A garcinol complexes, we determined the protein composition of the B BA3 , B SAHA , B splitomicin , and B DHC complexes. In accordance with the RNA analysis and in agreement with the protein content of a B complex assembled and purified in the absence of any inhibitor (Deckert et al. 2006) , the B-type spliceosomes stalled by BA3, SAHA, splitomicin, or DHC contained all the proteins of the 17S U2 and the U4/U6ÁU5 snRNPs (Table 3 ), but they varied with respect to the presence of the U1 snRNP proteins. The fact that the peptide numbers for certain proteins of the U snRNPs (e.g., SmD2, SmG, SF3b130; U5 116K, U4/U6 90K, and 61K, U4/U6ÁU5 110K) varied among the B complex samples made it difficult to define precise effects of the inhibitors on the amounts of individual proteins in the corresponding complexes. Nonetheless, a few noteworthy changes at the protein level could be observed for each group of proteins: 1. In B SAHA , B DHC , and B splitomicin , the U1 proteins were under-represented or completely absent, whereas in B BA3 the number of sequenced peptides from U1 70K was significantly higher, suggesting an opposite effect, i.e., more U1 snRNP is associated with these complexes. 2. Only in the B BA3 complex were we able to sequence peptides for the U1 snRNP-related proteins FBP11 and S164; this may be related to the higher amount of U1 (U1 70K) present in the sample. 3. The association of 17S U2 proteins and 17S U2-related proteins with B complexes does not seem to be affected drastically upon treatment with inhibitors. Exceptions are the 17S U2-related proteins hPrp43 and SPF45 in B BA3 complexes which, in terms of numbers of sequenced peptides, seem to be more abundant than the other complexes. 4. All the U5, U4/U6, and U4/U6ÁU5 proteins were identified unambiguously. Still, some protein abundances seem to be affected, i.e., protein TFIP11 in B
BA3
was identified by significantly more peptides than in the other complexes. 5. The number of peptides derived from the SR proteins is reduced in the stalled B complexes. In particular, SF2/ ASF in B SAHA and 9G8 in all stalled B complexes seem to be less abundant than in the native B complex. In contrast, the SR-related SRm300 protein, which was Splicing complexes were stalled in the presence of the inhibitors as indicated, and the proteins present in these complexes were identified by mass spectrometry after separation by SDS-PAGE (the amount loaded on the gel is listed in parentheses). The presence of a protein in the individual complex preparations is indicated by a number, which represents the absolute number of peptides sequenced for that protein. Note that several proteins were detected in multiple bands. If only one peptide has been identified for a given protein in a preparation, the score for this peptide is given in parentheses. Proteins previously identified in the double affinity-purified A complex assembled in the absence of any inhibitor (Behzadnia et al. 2007 ) are indicated with the numbers of peptides sequenced for each protein as explained above. Calculated molecular masses and accession numbers in the GenBank database at the NCBI are indicated. The gene names of the S. cerevisiae and S. pombe homologs of the indicated human protein are given. A question mark indicates that it is currently not clear whether the indicated yeast protein is a true functional homolog. BLAST alignments of both p68 (DDX5) and p72 (DDX17) revealed significant homology with S. cerevisiae DBP2 and S. pombe dbp2 (between 56% and 59% sequence identity, respectively). Since true homology remains to be verified, DBP2 and dbp2 are both enclosed in parentheses. Splicing complexes were stalled in the presence of the inhibitors as indicated, and the proteins present in these complexes were identified by mass spectrometry after separation by SDS-PAGE (the amount of complex that was loaded on the gel is listed in parentheses). The presence of a protein in the individual complex preparations is indicated by a number, which represents the absolute number of peptides sequenced for that protein. Note that several proteins were detected in multiple bands. If only one peptide has been identified for a given protein in a preparation, the score for this peptide is given in parentheses. Proteins previously identified in the two independent MS2 affinity selections of B complexes assembled in the absence of any inhibitor (Deckert et al. 2006) , called here B
#1
and B
#2
, are indicated with the numbers of peptides sequenced for each protein as explained above. Calculated molecular masses and accession numbers in the GenBank database at the NCBI are indicated. The gene names of the S. cerevisiae and S. pombe homologs of the indicated human protein are given. A question mark indicates that it is currently not clear whether the indicated yeast protein is a true functional homolog. BLAST alignments of both p68 (DDX5) and p72 (DDX17) revealed significant homology with S. cerevisiae DBP2 and S. pombe dbp2 (between 56% and 59% sequence identity, respectively). Since true homology remains to be verified, DBP2 and dbp2 are both enclosed in parentheses.
found to be associated predominately with C complexes (Bessonov et al. 2008) , is clearly present in the B DHC and B splitomicin complexes. 6. Peptides derived from all proteins of the hPRP19/CDC5 complex and (with the exception of PRCC in the B BA3 complex) from all hPRP19/CDC5 complex-related factors were found in the stalled spliceosomes, indicating that the incorporation of this complex into the spliceosome is not blocked by any of the inhibitors. However, the number of peptides derived from Npw38BP and Npw38 was higher in B BA3 than in the other B complexes. Moreover, the number of sequenced peptides derived from hECM2 (fSAP47) was drastically increased in the B DHC and B splitomicin complexes as compared with other stalled B complexes (and also to the native B complex). 7. Inspection of the non-snRNP proteins shows additional characteristic peptide patterns for the various stalled B complexes. The kinase CDK11 (CDC2L2) that was previously detected in complex A ) is also found in the B BA3 complex, but not in any other B complex. In general, it seems that B BA3 contains more of the proteins that were previously detected in complex A as compared with the other stalled B complexes. Moreover, in B BA3 the number of peptides derived from GCIP p29, hSmu-1 (fSAP57), and RED proteins were significantly increased, whereas in B SAHA complexes GCIPp29 was detected by only one peptide, and the number of peptides derived from hSmu-1 and RED was lower as in the other stalled (but not in the native) B complexes. Furthermore, B SAHA did not contain the p68 DExD/H box helicase, which could be identified in all the other stalled B complexes. 8. Another difference is that hPrp17 was clearly detectable in B BA3 and B SAHA complexes with a surprisingly large number of peptides (22 and 26, respectively).
Taken together, there are clear differences in the protein patterns of the stalled spliceosomes as determined by mass spectrometry, both among the stalled spliceosomes and between these and the previously characterized native A and B complexes. This indicates that the splicing cycle is blocked at distinct stages by the different novel inhibitors of pre-mRNA splicing, and that these stages have not been previously observed.
DISCUSSION
Here, we show that three inhibitors of protein deacetylation as well as three inhibitors of protein acetylation interfere with pre-mRNA splicing in vitro. As defined by the U snRNA-composition of the stalled spliceosomes, two HAT inhibitors allow only the formation of A-like splicing complexes, while in the presence of the three HDAC inhibitors and a third HAT inhibitor, B-type spliceosomes can still be assembled, albeit without the capacity for becoming activated for catalysis. The protein compositions showed that the stalled complexes differ from each other and from the normal (i.e., not stalled) A and B complexes.
Inhibition of pre-mRNA splicing by inhibitors of protein acetylation and deacetylation
We initially chose to test inhibitors of protein acetylation and deacetylation regarding their effect on pre-mRNA splicing in part, because the corresponding deacetylating enzymes have been previously identified in purifications of mixtures of splicing complexes (Rappsilber et al. 2002; Zhou et al. 2002) . The presence of such enzymatic functions, our finding that both the U2-and the U12-dependent splicing pathways are indeed blocked by inhibitors of HATs and HDACs, and the failure of non-inhibitory derivatives to stall splicing, together suggest that acetylation and deacetylation of spliceosomal proteins and the activity of the corresponding spliceosomal enzymes may be required for pre-mRNA splicing.
It was surprising that for the SAHA-related HDAC inhibitors the IC 50 for inhibition of pre-mRNA splicing turned out to be some three orders of magnitude higher than in standard deacetylation assays. This may perhaps be attributed to local structural differences between the various deacetylation enzymes to which these inhibitors bind. Another possible explanation is that these compounds are unstable in the nuclear extract, so that only a small fraction remains active in inhibiting pre-mRNA splicing. For two inhibitors of the NAD-dependent HDACs (DHC and splitomicin), we found IC 50 values for inhibition of premRNA splicing that were only slightly higher than for standard deacetylation reactions. Unexpectedly, nicotinamideconsidered to be a competitive inhibitor for all NADdependent deacetylases (Bitterman et al. 2002) -had no effect on pre-mRNA splicing, which raises the question of the mechanism by which DHC and splitomicin stall the splicing reaction. Since the inhibition of NAD-dependent HDACs can apparently overlap with that of protein kinases (Trapp et al. 2006) , it is conceivable that DHC and splitomicin interfere with a spliceosomal kinase rather than an HDAC block pre-mRNA splicing. Further work is required to find out whether the spliceosome's target for DHC or splitomicin is, in fact, an HDAC or another enzyme.
The three HAT inhibitors investigated-AA, BA3, and garcinol-blocked pre-mRNA splicing with similar IC 50 values as observed for the acetylation of proteins. However, they differed in an important respect: while AA and garcinol-reported to inhibit both the p300/CBP and Gcn5/PCAF families of HATs (Balasubramanyam et al. 2003 (Balasubramanyam et al. , 2004 )-only allow the formation of A-like splicing complexes, BA3-specific for the Gcn5/PCAF family of HATs (Biel et al. 2004 )-blocks the splicing cycle after all five U snRNPs have been stably assembled on the pre-mRNA. This may suggest that a p300/CBP-type enzyme is required for the formation of complex B formation, while a Gcn5/PCAF-like HAT functions during activation of the spliceosome after complex B has formed. However, to our knowledge, these three HAT inhibitors have only been analyzed in vitro in protein acetylation assays using purified components and have not been tested regarding their effect on other enzymes.
A role of HDACs and HATs in the splicing of pre-mRNA would require one or more spliceosomal protein(s) to become acetylated during the reaction. Initial experiments to detect acetylated splicing factors (e.g., immunoblotting using antibodies against acetylated lysine side chains, or splicing in vitro in the presence of radioactively labeled acetyl-coenzyme A) were not successful. However, this is not surprising, partly because it is not known whether the spliceosomal proteins that are acetylated are present in the purified complexes as used in these attempts: a number of proteins known to be splicing factors, such as RNA helicases or protein kinases, interact only transiently with spliceosomal complexes and are thus absent from purified spliceosomes. Additional experiments, beyond the scope of this study, will be required to identify the site(s) of acetylation and thus provide detailed confirmation of the part played by it in the splicing cycle.
Differences in protein composition among splicing complexes: Stalled and native
Our RNA analyses and centrifugation results show that the stalled splicing complexes are associated with distinct steps of the splicing cycle. We therefore determined their respective proteomes by mass spectrometry; of particular interest was the comparison with native A and B complexes as described earlier (Deckert et al. 2006; Behzadnia et al. 2007 ). As in our previous studies, we followed the absolute number of sequenced peptides derived from the corresponding proteins. Although not strictly quantitative, the number of sequenced peptides can be indicative of the amount of a protein in the sample; such correlations were found in our previous studies when tested by immunoblotting (Makarov et al. 2002; Makarova et al. 2004; Behzadnia et al. 2007; Bessonov et al. 2008) , and have been recently described in detail (Rappsilber et al. 2002; Ishihama et al. 2005) .
The A complexes stalled by AA and garcinol contained a significantly lower number of proteins than the native A complex as described by Behzadnia et al. (2007) . A complexes assembled in the presence of garcinol contained mainly 17S U2 snRNP and related proteins (with larger numbers of sequenced peptides derived from hPrp43 and SR140). The U1 snRNP-specific proteins were hardly detectable by mass spectrometry (one peptide derived from U1 70K and three peptides derived from U1 A), and U1 snRNP-related proteins were completely absent. Almost no other proteins (except for NFAR and NF 45 proteins, see below) were detected: those absent thus included the SR and hnRNP proteins, hPrp19/CDC5 and related proteins, as well as other proteins previously detected in A and B complexes. A similar tendency was seen for the A AA complex: although U1 snRNP proteins were still identified by a significant number of sequenced peptides, the two proteins functionally linked to the U1 snRNP-FBP11 and S164, the human homologs of the yeast U1 snRNP proteins Prp40 and Snu71 (Kao and Siliciano 1996; Gottschalk et al. 1998 )-were also absent. The reduction in U1 snRNP proteins in stalled (compared with native) A complexes seems to coincide with a reduction in the SR proteins as seen by the reduced numbers of sequenced SR peptides. It is important to point out that greater amounts of the stalled A complexes were found by mass spectrometry compared with the native A complex. More protein input is expected to give rise to a larger number of peptides identified. This makes the absence or under-representation of any protein in the stalled A complexes even more significant.
We observed numerous sequenced peptides derived from NFAR and NF45 in the two stalled A complexes. NFAR and NF45 are RNA-binding proteins previously described in the replication of positive-strand RNA viruses (Isken et al. 2003) , and they have also been found in spliced mRNPs (Merz et al. 2007) . Further experiments will be needed to show whether these, and perhaps other, proteins play a direct part in pre-mRNA splicing. Moreover, the mechanism of the failure to assemble complex B will have to be confirmed; although the tacit assumption that the stalling takes place because a catalytic function of complex A is inhibited is a reasonable one, the alternative possibility that the inhibitors act on the tri-snRNP-or another protein (-complex) required at this point of the splicing cyclerather than on complex A cannot be excluded. Likewise, the effect of the small-molecule inhibitors could theoretically be related not to their inhibition of an enzymatic activity, but instead to some other effect such as the steric blockage of an essential docking process.
The differences between the native B complex and the individual stalled B complexes (and also among the stalled spliceosomes themselves) are more subtle than the differences between the native A and the A AA and A garcinol complexes. Nonetheless, by comparing the numbers of peptides obtained from the stalled B complexes with numbers from the native complex B (where almost stoichiometric amounts of all the U snRNPs, including U1 snRNP, are expected), it is obvious that U1 snRNP proteins are under-represented in the B SAHA , B DHC , and B splitomicin complexes (Table 3) . As seen for the stalled A complexes, the reduction of U1 snRNP proteins and the complete absence of the U1 snRNP-related proteins FBP11 and S164 coincide with a decrease in the number of peptides derived from SR proteins. The finding that the U1 snRNP can apparently dissociate from the spliceosome, while the U4 snRNA remains stably bound, is interesting, because it was previously proposed that these two U snRNPs are released during activation of the spliceosome in a coupled manner (Kuhn et al. 1999; Staley and Guthrie 1999) . However, in the presence of the HDAC inhibitors SAHA, splitomicin, or DHC, these events are seemingly uncoupled. The low level of U1 snRNA and U1 snRNP proteins detected by silver staining and mass spectrometry, respectively, is probably due to the presence of splicing complexes that have not yet completely reached the stage of being blocked by the inhibitors. Simple loss of the U1 snRNP and related proteins during the purification can be excluded, because apparently stoichiometric amounts of U1 snRNA are found in B BA3 as shown in this study and in the native B complex (Deckert et al. 2006) .
The larger numbers of sequenced peptides of U1 snRNPspecific and -associated factors in the B BA3 complex suggest that the block by BA3 takes place at an earlier stage of Bcomplex formation than that blocked by the other three inhibitors. Overall, the B BA3 complex has the most complex proteome, with several proteins showing an increased number of sequenced peptides as compared with other B complexes. These were hPrp43, SPF45, TFIP11, Npw38BP, Npw38, CDK11 (CDC2l2), HCNPG, GCIPp29, hSmu-1 (fSAP57), RED, and hPrp17. TFIP11 is the human homolog of yeast Spp382/Ntr1, which has been shown to interact with yeast Prp43 (Lebaron et al. 2005; Tsai et al. 2005; Boon et al. 2006; Pandit et al. 2006) . The observed increase in the numbers of sequenced peptides of both proteins is consistent with their functional and structural interaction. In addition, the presence of both proteins in the B BA3 complex suggests that these two function at a step during the splicing cycle that takes place after addition of the trisnRNP and the hPRP19/CDC5 complex to the spliceosome, but before the release of the U1 snRNP. A similar argument can be made for other B BA3 complex-specific factors such as the kinase CDK11 (CDC2L2), which has been implicated in pre-mRNA splicing (Hu et al. 2003) . While further work will be required to elucidate the functions of these splicing factors in detail, a first classification can be made on the basis of the data presented here. This may be expected to help in the design of future studies to examine the roles of these splicing factors.
Small-molecule inhibitors of pre-mRNA splicing as a tool to study spliceosome structure and function Small molecules have already been used in studying premRNA splicing. For example, inhibitors of protein kinases and phosphatases have been used to study the role of protein phosphorylation in pre-mRNA splicing (Mermoud et al. 1992; Parker and Steitz 1997) . Using splicing reactions in vitro, Soret et al. (2005) screened 4000 compounds and found that indole derivatives interact directly with selected members of SR proteins-key modulators of alternative splicing. Two small molecules that modulate pre-mRNA splicing were reported recently (Kaida et al. 2007; Kotake et al. 2007 ); both target the splicing factor SF3b of the 17S U2 snRNP.
In the experiments described in this study, we tested a limited set of compounds and were able to identify inhibitors that block the reaction at different points of the splicing cycle. This allowed us to block the splicing cycle at a distinct step and then purify the stalled spliceosome for structural characterization.
To identify more inhibitors of pre-mRNA splicing that target the multitude of individual steps during the splicing cycle, it will be necessary to screen a larger number of compounds. This will be difficult to perform manually; thus, automation of the splicing reaction in vitro will be required.
The success seen in the studies regarding small-molecule inhibitors of pre-mRNA splicing as published so far suggests that additional compounds that influence the splicing reaction are likely to be identified in the future. These will be valuable tools for a detailed structural and functional analysis of the spliceosome.
MATERIALS AND METHODS

Splicing substrates, reactions, and spliceosome complex analysis
A transcription template for the MINX pre-mRNA was generated from the pMINX plasmid (Zillmann et al. 1988 ) by PCR. A PCR product containing three MS2 coat protein RNA-binding sites was generated using pAdML-M3 (Zhou et al. 2002) , which was a kind gift from R. Reed. A transcription template for MINX pre-mRNA tagged with three MS2 aptamers at the 39-end of exon2 (MINX-M3) was generated by overlapping PCR of the MINX and MS2 PCR products. Plasmid pP120 (Tarn and Steitz 1996) was linearized with HindIII for use as a template in transcribing p120 pre-mRNA. Uniformly 32 P-labeled, m 7 G(59)ppp(59)G-capped pre-mRNA was synthesized in vitro by T7 runoff transcription.
HeLa nuclear extract was prepared according to Dignam et al. (1983) . Splicing reactions with U2-dependent pre-mRNAs contained 40% (v/v) HeLa nuclear extract in buffer D [20 mM HEPES-KOH at pH 7.9, 100 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 20% (v/v) glycerol, 0.5 mM DTT, 0.5 mM PMSF], 25 mM KCl, 3 mM MgCl 2 , 20 mM creatine phosphate, 2 mM ATP, 3 nM 32 P-labeled pre-mRNA, 5% (v/v) DMSO, and the indicated concentration of the chemicals tested for their effect on splicing. The nuclear extract was pre-incubated with the chemical (or just DMSO as a control) for 10 min at 30°C, and the reactions were then started by addition of the other components. For the analysis of the splicing products, the reactions were stopped after 90 min; RNA was isolated by proteinase K treatment, phenol extraction, and ethanol precipitation; separated by denaturing polyacrylamide gel electrophoresis on an 8.3 M urea/14% (w/v) polyacrylamide gel; and visualized by autoradiography. Amounts of RNA were measured with a PhosphorImager (Molecular Dynamics). Splicing efficiency was calculated by the ratio 30% (v/v) glycerol, 1.25 mg/mL heparin] at the time points indicated, and then placed on ice. Complexes were separated on 2% (w/v) agarose gels (Das and Reed 1999) .
Splicing of the U12-dependent p120 pre-mRNA in vitro was performed essentially as described above for the U2-dependent pre-mRNAs; the reaction time was 6 h, with 60% (v/v) HeLa nuclear extract, 4.8 mM of a 29-O-methyl RNA oligonucleotide complementary to the U6 snRNA (59-AUGCUAAUCUUCUCUG UA-39) to inhibit U2-type splicing, 1.5% poly(vinyl alcohol), 3% or 5% (v/v) DMSO, and the indicated concentration of the respective chemical to be tested for its effect on splicing. RNA was recovered by phenol extraction and ethanol precipitation, fractionated on an 8.3 M urea/8% (w/v) polyacrylamide gel, and visualized by autoradiography.
MS2 affinity selection of stalled spliceosomal complexes
Stalled spliceosomal complexes were isolated under native conditions essentially as previously described (Deckert et al. 2006) . Briefly, radioactively labeled MS2-tagged MINX pre-mRNA was first bound to a purified fusion protein of MS2 and maltosebinding protein (MS2-MBP). Next, a 12-mL splicing reaction was set up as described above, but containing 10 nM (for A-like spliceosomes) or 20 nM (for B-type splicing complexes) MS2-tagged MINX pre-mRNA along with 0.2 mM AA, 1.35 mM BA3, 0.15 mM garcinol, 3.75 mM SAHA, 2 mM splitomicin, or 5 mM DHC. Spliceosomal complexes were allowed to assemble for 30 min (garcinol, splitomicin, and DHC) or 60 min (AA, BA3, and SAHA) at 30°C. The reaction was then loaded onto 14-mL linear 5%-20% (v/v) (for the A-like splicing complexes) or 10%-30% (v/v) (for the B-like splicing complexes) glycerol gradients containing buffer G (20 mM HEPES-KOH at pH 7.9, 150 mM NaCl, 1.5 mM MgCl 2 ). Gradients were centrifuged for 16 h at 140,000g (for the A-like splicing complexes) or at 80,000g (for the B-like splicing complexes) in a Sorvall Tst 41.14 rotor, and harvested manually in 500-mL fractions. The distribution of 32 Plabeled pre-mRNA across the gradient was determined by Cherenkov counting, and peak fractions containing the stalled spliceosomal complexes were loaded onto a column of amylose beads (New England Biolabs) equilibrated with buffer G. After extensive washing, the stalled spliceosomal complexes were eluted dropwise with elution buffer (buffer G+12 mM maltose). RNA was isolated from the eluates by proteinase K treatment, phenol extraction, and ethanol precipitation, separated by denaturing polyacrylamide gel electrophoresis on an 8.3 M urea/10% (w/v) polyacrylamide gel, and visualized by staining with silver and autoradiography.
In vitro splicing assays with MS2 affinity-selected splicing complexes U2-depleted HeLa nuclear extract was prepared by affinity selection with a biotinylated 29-O-methyl RNA oligonucleotide complementary to nucleotides 1-20 of U2 snRNA (RNA-Tec) and streptavidin-agarose beads essentially as described previously , except that the oligonucleotide was used at a concentration of 3 mM. HeLa nuclear extract was treated with micrococcal nuclease (MN) as described previously (Makarov et al. 2002) . In vitro splicing (60 mL of reaction volume) was performed essentially as described above for 3 h with 10 mL of the amylose column eluates containing MS2 affinity-selected splicing complexes (z50 fmol), and 40% buffer D, 40% DU2 nuclear extract, or 40% MN-treated nuclear extract. To assay whether the active splicing complexes are formed de novo on the tagged MINX-M3 pre-mRNA during splicing complementation in the presence of either 40% DU2 or 40% MN-treated nuclear extract, an additional reaction with an equimolar amount of radioactive, untagged MINX pre-mRNA with identical specific activity was performed. In each case, the RNA was isolated as described above, separated on an 8.3 M urea/14% (w/v) polyacrylamide gel, and visualized by autoradiography.
Mass spectrometry
Proteins recovered from individual affinity-selected complexes were separated by 10%-13% SDS-PAGE and stained with Coomassie blue. An entire lane of the Coomassie-blue-stained gel was cut into approximately 70 slices, and proteins were digested in the gel with trypsin and extracted according to Shevchenko et al. (1996) . The extracted peptides were analyzed in a liquid-chromatographycoupled electrospray ionization quadrupole time-of-flight mass spectrometer under standard conditions. Proteins were identified by searching fragment spectra of sequenced peptides against the NCBI nonredundant database using Mascot as a search engine, and scored according to Pappin et al. (1993) .
